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ABSTRACT experiments and in regulations, and also the effect on the
Over the last 20 years or so, many studies have revealed the fatigue limit defined at 10cycles was discussed.

deleterious effect of the environment on fatigue life of austenitic NOMENCLATURE

stainless steels in pressurized water reactor (PWR) primary Fer: environmental fatigue life correction factor

water. The fatigue life correlation factor, so-calleg has been Nieax: fatigue life of cylindrical specimen in water (cycles)

standardized to consider the effect on fatigue life evaluation. O residual ferrite (%)

The formulations are function of strain rate and temperature due SFE : stacking fault energy (mJfn

to their noticeable negative effect compared with other factors Ms: martensitic transformation temperatut€)

[1,2]. However, mechanism causing fatigue life reduction Mgso : Martensitic transformation temperatut€)
remains to be cleared. Re : strain ratio

As one of possible approaches to examine underlying DH : dissolved hydrogen content (ccligO)
mechanism of environmental effect, the authors focused on the DO : dissolved oxygen content (ppm)
effect of plastic strain, because it could lead microstructural Ag: a total strain range (%)

evolution on the material. In addition, in the case of stress Aé,: a non-elastic strain range (%)
corrosion cracking (SCC), it is well known that the strain- Aé.: an elastic strain range (%)
hardening prior to exposure to the primary water can lead to T : temperature°C)
remarkable increase of the susceptibility to cracking [3,4]. As/2 - strain amplitude (%)
However, its effect on fatigue life has not explicitly been As/dt : strain rate (%/s)
investigated yet.

The main effort in this study addressed the effect of the INTRODUCTION
prior strain-hardening on low cycle fatigue life of 304L
stainless steel (SS) exposed to the PWR primary water. A platelhce i
of 304LSS was strain hardened by cold rolling or tension prior ben
to fatigue testing. The tests were performed under axial strain-
controlled at 300°C in primary water including B/Li and
dissolved hydrogen, and in air. The effect on environmental
fatigue life was investigated through a comparison ofthén

Cyclic plastic strain can play an important role on fatigue
n the low cycle region in air, Therefore it is expected to be
eficial to use a hardened material which exhibits less plastic
strain compared with an as-received one at the same strain
amplitude.

Moreover, the effect of the strain-hardening prior to
exposure to the primary water on fatigue life of austenitic
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stainless steel has not necessarily been investigated, as shown Table 3 - Tensile properties of XY182.

SCC field. T(°’C) |Direction] Ys (MPa) | UTS (MPa)] EL (%) | E (GPa)
Based on the above context, the authors have performed 20 T >175 >490 >45 -
: [P : 1 RCC-M 3307 350 T >105 - - -
Iovv_ cycle fat|g_ue tests on the prior hardened r_natenz_;ll 304+ =20 s % 6
stainless steel in PWR primary water in order to investigate its L 220 560 66 188
effect on low cycle fatigue live and fatigue limit defined at 10 ‘ 220 546 68 192
XY182 As-receive 20 T 215 533 66 187
cycles. 138 401 48 168
L 139 404 48 190
137 406 47 199
EXPERIM_ENTAL PROCEDURE 300 - 136 702 T o6
Material 248 435 37 167
The material tested was a 304L stainless steel rolled plate, L = = = 258
2000*5000*30mm in the as-received size (Heat XY182),xvis2s%Roled| 300 T 253 431 33 166
annealed at 1100°C and water-quenched. Chemical compositlon L 333 462 28 169
XY182 10%Rolled 30C T 320 468 30 170

of the material is given in Table 1 and is in good agreement with
nuclear French requirements RCC-M 220. Metallurgical
properties such as residual ferrit), (stacking fault energy
(SFE) and martensitic transformation temperatuds, (Mdsg)

are listed inTable 2.

Samples were cut from the original plate. Two samples
were cold-worked by one-direction rolling up to 5% and 10%
reduction of the thickness, respectively. The step size of the
thickness reduction during cold-rolling was 0.5 mm. The last
sample was tensioned prior to machining fatigue specimens.

, , . o
The final reductions of the thickness were 10.4% (TPNo.1630 scratches caused by the machining, the outer and inner surfaces

vl\\//leHrleoc%)ng[xcltgg)Zi ggg%%wgr;\fﬂé ?g)f)i‘:fg iﬁo;?n\kl)vi:qktlg?rs of specimens were polished in the axial direction using emery
P : ) papers of #100, #240, #400 and #800.

Tensile properties at 300°C and RT under longitudinal (L
and transverse (T) directions of the plate are presented in
Table 3. The mechanical properties of the as-received (AR)
material met the RCC-M 3307 French requirements.

Specimens

Figure 1 shows the configuration of the hollow cylindrical
specimen which was used in simulated PWR primary water at
300°C. The length of the parallel parts at the center of the
specimen was 30 mm and the gage length was 24 mm. The
outer diameter was 12 mm and the wall thickness was 3 mm.
Specimens were machined out from the center thickness of
plates in the way that the lengthwise direction would match the
rolling direction or the tensioning direction. In order to remove

Figure 2 shows the solid specimen used for tests in air. The
procedure of machining specimens was the same as the hollow-
type. The outer surface was polished in the axial direction using
silicon made polishing paper #320, #500 and #800 in order to
obtain the equivalent surface roughness to that on hollow type

Table 1 - Chemical composition of Heat XY182. specimens.

Heat C Cr Ni Si Mn | S P Mo| Cu| N

304L SS 0.029 | 18.00| 10.0 | 0.37| 1.86| 0.004 0.029 0.04 002 0[056

(XY182) 20

1 (24ms) R20
RCCM220 | <0.03| 1720 812 <L | <2 | <0.03 <0.045 < Sl o
=] — s —
30 ]

1)
. . e :
Table 2 - Metallurgical properties of Heat XY182. i i 4
Heat 5%) |SFE(MIM)|M.(°C)  |Muo(°C) ' —
304L SS (XY182) | 3.0 30 -274 13 Figure 1 — Hollow-type specimen.
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Figure 2 — Solid specimen.
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Test apparatus Table 4 - Test Matrix in simulated PWR primary water.

Figure 3 shows an outline of the test apparatus used fpr . ) Strain
. . . i ’F TP-D Water Temperaturg  Strain rate (%/seod amplitude
environmental experiments. Simulated primary water was pile- chemistry \ o | ame
. . .. . (C) in tension _ in compressipn (%)
heated and circulated by a high-pressure pump through insid of [ Te30mAIoL 0,4
the specimen. The average fluid velocity was 0.1m/s in the test 1630 M| 04 0,004
- L2 T 0% Tensio—1630 MHI 02 0.4 05
section of the hollow cylindrical area. The temperatures on tfié 1630 MHI 03 0.004 ~
outer and inner surfaces of test section were monitored [0y, roling iggg mgg D02<0.005p4 00634
thermocouples, and the difference between them was assesgset 1630 MAT 1L mBD;'gggCC’kg 300 ; 0.4 05
. = ppm
to be lower than °C. Tests were conducted with fully reverseq 1228 m g Li=2ppm 04 ggg
axial strain-controlled (R-1), using a contact type | 10w roling| 1630 MHI 17 0.15
extensometer attached to the outer surface of the specimen. 1630 MHI 14 05
. . . . 1630 MHI 15 0,004 0,35
The test environment simulated PWR primary water with 1630 MHI 16 0.25
1000 + 100 ppm B as4BO;, and 2 + 0.2 ppm Li as LiOH, at
300°C. Dissolved oxygenO) was kept at < 5 ppb and Table 5— Test matrix in air.
dissolved hydrogenDH) was kept at 30 + 3 cc/K,0. All PID Temperature Strain raté%/sed Stﬁ” g
. . - amplituae
specimens were e>§posed to the environment about 24 hoprs o) intension | in compressioh (‘3,/0)
prior to fatigue loading. As received | 1630-95 0.4 0.5
Tests in air were also performed under fully reversed axigal 1630-40 0.5
strain-controlled, using a contact-type extensometer attached to T 200 0.4 oa 255
the outer surface of the specimen. Temperature was monitofed% Rolling ——--= 015
with thermocouples to make it stable. 1630-45 0.004 0.5
1630-44 ' 0.35
\ |
L TEST RESULTS | _ _ o
Cooler Results obtained in the primary water and in air are
10 (10 summarized inTable 6 andTable 7, respectively, along with
. EDF data collected in a previous work [5] on the same heat
Tank Specimen p
Q (Lo ) Faiigue test XY182 at the same temperature in the same environment using
High pressure regulator solid type specimens. In the present study, the maximum strain
pump amplitude at which fracture of specimen did not occur up to 10

cycles was defined as the fatigue limit af dycles.
Fatiguee-N data in air and in water are presente#igure
4, comparing the as-received with the cold-worked material.
Loading conditions The e-N curves evaluated with NUREG 6909 [1] and JSME
Table 4 and Table 5 give test matrixes for tests in code [2] are also reported in the figure. Almost all data are
simulated PWR primary condition and in air, respectively. Test plotted on the-N curves drawn with regulations, demonstrating
parameters were the level of cold work (5% or 10%), the cold that these materials show similar fatigue lives.
working process (tension or rolling) only in water, the strain Concerning the cold-working effect in air environment
rate in tension and the total strain amplitude. As reference, thewithin a range of 0.2 - 0.5% strain amplitude, fatigue lives of
as-received material was also tested. Strain rate in compressiothe cold-worked material are shorter than those of the as-
was kept at 0.4%/s. Two types of waveforms were applied; onereceived one. Typically, for a strain amplitude of 0.5%, the
was a triangle (strain rate 0.4%/s in tension) and the other was datigue life in the 10% cold rolled material is decreased by a
saw tooth (strain rate 0.004%/s in tension). Strain amplitudes factor of 2. In addition, there is no clear effect of strain rate on
were selected as 0.15%, 0.25%, 0.35% and 0.50%. fatigue life in air on the cold-worked material. By contrast, for a
Due to water contact at the inner surface of the hollow strain amplitude lower than 0.2%, the cold-working prolonged
specimen, environmental fatigue cracks initiate on the inner fatigue lives and eventually leaded to an increase of the fatigue
surface and propagate toward the outer surface. For hollowlimit at 10 cycles, from 0.1% to 0.15%.
specimens, fatigue life was defined as the number of cycles Figure 5 presents the evolution of plastic strain measured
(Nea) at which a fatigue crack penetrated through the wall at mid life as a function of fatigue life in air. Difference in
thickness of the specimen. fatigue lives between materials still can be seen; so fatigue life
in the range of 0.2 - 0.5% strain amplitude on the as-received
material is not governed by plastic strain alone and it seems to
be also depending on stress level during cycling.

Figure 3 - Outline and overview of test apparatus.
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Table 6 — Results obtained in PWR environment.

TPD Temperaturg Strain raté%/sed Strain Fatigue life [ o e
(C) in tensiol | in compressio amplitude (% N)
1630 MHI 01 0.4 0,51 3117
1630 MHI 0z 0,00< 0,51 85¢
EDF-5-% 0,4< 272¢
EDF-5-1( 0. 330¢
EDF-5-1] 0,34F 8341
EDF-5-1¢ 0.3t 1043(
EDF-5-2( 04 0,24F 1388¢
. EDF-5-2: 0.4 0,2 3263(
L =T 0,1E 63001
EDF-5-2: 0,147¢ 6810¢
EDF-5-3¢ 0,12F 11067(
EDF-5-2¢ 0.1 343707( Run ou
EDF-5-3¢ 0,102 1.00E+0(_| Runou
PWR) EDF 5-2¢ 300 0. 132¢
EDF 5-3¢ 0,004 0,004 0,3/ 2781
EDF 5-3: 0,2t 602¢
171630 MHI 0z 0.4 0,52 2227
10% tension— 635 Ml o: 0,007 0,51 827
11630 MHI OF 0.4 0,51 287C
5% Rolling = 635 M o7 0,00 0.51 957
1630 MHI 17 0,52 259C
1630 MHI 1z 04 04 0,3¢ 7361
1630 MHI 1% ' 0,2¢ 1663«
10% Rollingl 1630 MHI 17 0,1f 1,00E+0t Run ou
1630 MHI 1 0,51 887
1630 MHI 1¢ 0,004 0,3€ 216z
1630 MHI 1¢ 0,2¢ 686
Table 7 — Results obtained in air.
. Strain . .
TP-D Temperature Strain rat€%/sed amplitude Fatlg'\tlje life] Remarkd
(C) in tension in compressign (%) ™)
1630-95 0.5 9800
XADL-26 0.49 12520
XADL-104 0.395 19210
XADL-69 0.298 47470
XADL-45 0.249 57460
XADL-15 0.198 94530
XADL-49b 0.148 294300
EDF-7-1 0.5 12100
. EDF-6-20 0.375 21500
Asreceived —gpEeg 04 0.25 55000
EDF-3-19 0.25 71815
EDF-6-12 0.25 47000
AR EDF-6-3 300 04 0.175 103000
EDF-4-19 0.175 119344
EDF-6-6 0.15 101000
EDF-6-13 0.125 396000
EDF-3-21 0.125 227438
EDF-5-41 0.1 1885001] Run ou
1630-40 0.5 5400
1630-41 04 0.35 10000
10% Rolling 1630-42 0.25 44000
1630-46 0.15 1.00E+06] Run ouf
1630-45 0.004 0.5 4930
1630-44 0.35 15220

On the contrary, in simulating PWR primary environment Figure 6 presents the evolution of plastic strain measured
(Figure 4), fatigue lives of the cold-worked material were @&t mid life as a function of fatigue life in PWR primary
almost the same as those observed on the as-received one &nvironment, suggesting that the plastic strain is the dominant
strain amplitude above 0.2% irrespective of strain rate. This factor driving fatigue life in both AR and cold-worked
suggests that the loss of ductility induced by the prior cold- materials. This behavior is independent of the stress evolution
working does not necessarily reduce fatigue life in the primary during cycling

water even at the low strain rate. Nevertheless, the fatigue limit ~ 1niS very interesting finding could suggest that fatigue
at 16 cycles clearly increased up to the strain amplitude of damage process, namely the underlying mechanism, should be
0.15% as observed in air. different between these environmerigyure 4 also indicates a
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clear environmental effect on fatigue life even in the high cycle

domain of around fcycles.

Material Environment [ Temperature Strainratg ~ Symbol
(C) (%ls)
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As received 0.4 L4
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As received Li=2ppm e
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Figure 4 — Comparison between fatigue life in air and in

Fatigue life (N)

PWR water at two levels of strain rate.
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Figure 5 — Evolution of plastic strain measured at mid life

Fatigue life (N)

as a function of fatigue life in air.
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Figure 6 — Evolution of plastic strain measured at mid life
as a function of fatigue life in PWR water.

DISCUSSION

Mechanical behavior during cycles

Figure 7 focuses on the effect of materials on the
evolutions of the maximum stress at 0.5% strain amplitude. As
shown here, there is a difference in hardening and/or softening
behaviors: definite primary hardening can be observed only on
the as-received material and a moderate hardening on the 5%
rolled one and practically no hardening on the 10% rolled one,
irrespective of strain rate condition. Nevertheless, an interesting
point is that fatigue lives are almost the same in all materials in
spite of the complete dissimilarity in the evolutions of the
maximum stress. This fact suggests that fatigue life in PWR
environment could be governed by local behavior (a crack
initiates) rather than by the macro behavior of the material.

Figure 8 presents evolutions of the maximum stress on the
cold-worked material tested in PWR water at several strain
amplitudes from 0.15% to 0.52%. This figure reveals that all
strain amplitudes, except for 0.15%, indicated hardening
tendency only at the beginning (nearly up to 10 cycles) or
almost no hardening, then followed by remarkable softening
until the failure, irrespective of strain rate. At 0.15%, its stress
level was nearly stable, meaning that neither hardening nor
softening occurred. Regarding the effect of the strain rate on
these evolutions, the low strain rate condition plotted with open
symbols seemed to lead to more hardening. However, this
tendency is only observed on one test. So, further investigations
will be needed.

Figure 9 shows the evolution of the mean stress on the cold
worked samples. At the lower strain rate, i.e. 0.15% and 0.26%,
the mean stress of about 20-30 MPa was observed, but it
seemed not to be deleterious enough to lead to fatigue life
reduction. With increasing strain amplitude, the values
decreased to nearly zero.
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Temperature Strain Loading strain| Unoading
Material P Environment " 9 strainrate | Symbol
() amplitude (%) | rate (%/s)
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Figure 7 - Evolution of the maximum stress as a function of

Number of cyclesN

number of cycles on the various materials.
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Figure 8 — Evolution of the maximum stress as function of
number of cycles on the cold-worked material.
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Figure 9 - Evolution of the mean stress as function of
number of cycles on the cold-worked material.

As a reference, the evolution of the mean stress at room
temperature in air is shown iRigure 10 along with data
obtained at 300C in air as well as in primary water. The value
at room temperature is only significant, indicating that
temperature highly affects the mean stress on the 10% rolled
material. The mean stress of approximately 80 MPa at room
temperature was good agreement with the literature data [6].
The mean stress seems not to be large enough to lead to fatigue
life reduction in air at 300C.

90 T T T T
00.50% 10% Rolled RT in air (1630-38)
80 00.50% 10% Rolled 300C in air (1630-34) A
©0.52% 10% Rolled 300C in PWR water (1630MHI-11)
70 H
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o]
& o
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[}
3
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c
g
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20
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°
°
0 0 o i i kY C
1 10 100 1000

Number of cycleN

Figure 10 — Effect of temperature and test environment on
the evolution of mean stress.
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Crack propagations behaviors

In order to investigate the effect of cold working on crack
propagation rate, distance between striations was measured ol
the fracture surface of the 10% cold-worked (tension and
rolling) material and the as-received one, tested at strain
amplitude of 0.5% in primary wateFigure 11 shows the
measured distance as a function of distance from the assume
initiation site, revealing that crack growth rates were
accelerated with slowing strain rate, especially in small crack
domain (<1mm). No difference was noticed between the cold-
worked and the non cold-worked materials. It can be suggested
that the cold working at least up to 10% does not lead to
deleterious effect on the fatigue crack growth rate. It can be
concluded that the equivalent fatigue life attributes the similar
crack propagation life, deducing the similar crack initiation life
as well.

Figure 12 indicates the effect of strain rate on crack growth

rate leads to an increase of micro-crack growth rate up to a 1-2
mm depth for all considered strain amplitude. Results obtained
at Ae/2 = 0.5%,Ae/dt = 0.4%/s and ahe/2 = 0.35% Ac/dt =
0.004%l/s, present not only similar crack propagation behavior
but also similar fatigue lives which are respectively 2590 cycles
and 2162 cycles. In the same way, for the two tests: & =
0.35%, Ag/dt = 0.4%/s and\eyf/2 = 0.25%,A&/dt = 0.004%/s
where fatigue lives are respectively 7361 cycles and 6864
cycles.Figure 12 also highlights the fact that, for each strain
amplitude, it was easier to observe a striation close to initiation
sites atAg/dt = 0.004%/s than ate/dt = 0.4%/s, indicating the
fact that even at the beginning of crack propagation, the main
crack can advance more at the lower strain rate. This
expectation is in good agreement with crack initiation
observations, highlighting that a high strain rate results in a
higher density of branched crack that may be, in that case,
symptomatic of a reduction of the local mechanical loading.
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amplitude of 0.5% in primary water.
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Figure 12 - Distance between striations as a function of
distance from initiation point on the 10% rolled material

tested in primary water.
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Figure 13 — Fatigue life as a function of cold work level. _ : .
g g Figure 15 andFigure 16 present the comparison between

the expected fatigue lives evaluated with NUREG 6909 [1] or

Figure 14 presents an evaluation of the experimehtalas JSME code [2], and the experimental fatigue lives obtained in
a function of strain rate. On each material, thg, was this study. Both figures indicate that the codifications can
calculated with fatigue life in air and that in the PWR primary predict fatigue lives accurately within a factor of 2, when
water at the same strain amplitude. The evaludtgdby fatigue life is lower than 60,000 cycles. After these cycles, the

NUREG 6909 [1] and the JSME code [2] are also given with experimental fatigue lives are much lower than the prediction
the solid line and the dot line, respectively. It is clearly shown (up to factor of 20), indicating that both models are not
that Fen increases with deCfeaSing strain rate whether or not the necessar”y conservative for this material in the h|gh Cyc|e
material was cold-worked, arfel, of the cold-worked material  fatigue region.

is almost half of that of the as-received one. As far as we Only It could be possib|e to increase the accuracy Ofﬁg‘e
look atFq, values, it could be said that the environmental effect prediction by using the best-fit lines Considering the strain
can be reduced by the cold-working (lower than 10%). hardening level.

Nevertheless, this difference is only due to the fact that fatigue

lives of the cold-worked material in air are much lower than Figure 17 andFigure 18 compare the experimen'léén and

those of the as-received one, never meaning that a strainthe predicted Fo, with NUREG 6909 and the JSME

hardening lower than 10% can increase fatigue life compared codification, revealing that both models can predigt with

with the as-received. good accuracy of factor of 2. However, it can be also pointed
Regarding a comparison with the codifications, a tendency out that the JSME model tends to give conservative prediction

of the evaluated lines is in good agreement with the on the cold-worked material, the NUREG model seems less
eXperlmentaFen. Nevertheless, it can be noticed that NUREG conservative on the as-received material.

6909 evaluation is not enough restrictive for the as-received
material, while the JSME code seems reasonable to predict
environmental factors for the non cold-worked material and

relatively conservative for the cold-worked one.
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Figure 15 — Comparison between NUREG 6909 fatigue life
prediction and experimental fatigue life.
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Figure 16 — Comparison between JSME fatigue life
prediction and experimental fatigue life.

100 =
Material Environment Temperature Symbol
(C)
As received | 02<0.005ppm ®
DH=30cc/kg 300
10% Rolled B=L_1_0200ppm
c i=2ppm ® .
K] P -
© e s
— Ve
3 7 L
= I -
o L7 -
s 107 s eews e
Lo 7 -
L P e
= e -
0 - 7
.
m o o -
e ~ 4
- 7
-
.
-
-
-
-
1
1 10 100

Experimental F ¢,

Figure 18 — Comparison between JSME & prediction and

experimental F,.

CONCLUSION

The low cycle fatigue tests with the strain hardened

material, 304LSS drew the following conclusions.

The 10% strain hardening on the stainless steel 304L leads
to reduction of fatigue life in air, but not in PWR primary
water irrespective of strain rate. Therefore, it can be said
that the prior hardening up to 10% strain does not cause
the negative effect on fatigue life.

The fatigue limit defined at fOcycles of the hardened
material increased compared to that of the as-received
material in air and in primary water. This suggests that the
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environmental effect could become small when strain
amplitude is small, so that increasing of the yield stress
due to the prior hardening can lead to a slight rise in the
fatigue limit.

v' Fracture surface observations reveal that crack paths were
only TG even at the low strain rate on the hardening
material.

v' Effect of the mean stress on the hardened material was
highly affected by the temperature during test; it was
observed at room temperature, but not clearly at’800

v' As for the mechanical behavior of the materials in primary
water, the as-received material showed the hardening in
the beginning of cycles and then followed by the softening.
On the contrary, the prior hardened material only showed
the softening. This phenomenon seemed to be affected by
strain rate.
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